Fisheries bycatch is a threat to species of marine megafauna across the world's oceans. Work over the past several decades has greatly advanced our understanding of the species affected, the magnitude and the spatial extent of bycatch. In the same time period, there have been substantial advances in the development of mitigation strategies and best practices to reduce bycatch. In this paper, we take stock of bycatch knowledge and science to address the critical question "Where do we go from here?" First, we review the current state of global bycatch science, including bycatch rate estimation and biological effects of bycatch, and bycatch mitigation practices and gear. We then identify knowledge gaps as well as socio-cultural constraints that hamper effective knowledge transfer or implementation, and discuss emerging transdisciplinary approaches to address these issues. Finally, we discuss the need to consider bycatch in a changing ocean and socio-cultural context where species, ecosystems, and people are responding to multiple stressors and dynamic conditions. As the field of bycatch research moves into the twenty-first century, a new perspective is needed to develop responsive strategies that effectively address the shifting ecological, social, cultural, and economic contexts of the global bycatch seascape.
INTRODUCTION
Global fisheries bycatch, the incidental catch of unused or unmanaged species (Davies et al., 2009) , is a major threat to the world's oceans (Hall et al., 2000; Kelleher, 2005) . Bycatch of longlived marine megafauna has both direct and indirect ecological effects (Lewison et al., 2004) , directly reducing megafauna populations (Heppell et al., 2000) and indirectly changing trophic dynamics of ocean systems (Estes et al., 2011; McCauley et al., 2015) . Megafauna bycatch (hereafter referring to marine mammals, elasmobranchs, seabirds, and marine turtles) presents a global resource management challenge as many marine megafauna crisscross ocean basins, necessitating international action, coordination and, in some cases, policy instruments to address bycatch at these large scales.
Understanding the problems and developing effective bycatch reduction strategies is a complex, environmental challenge with scientific, socio-cultural, and socio-economic components. In recent years, bycatch research has broadened (see Figure 1 in Soykan et al., 2008) , greatly advancing our knowledge of the species affected, the magnitude and the spatial extent of bycatch. Concurrently, there have been substantial advances in the development FIGURE 1 | Global map of cumulative bycatch intensity across three species groups (seabirds, marine mammals, and sea turtles) and gear types (gillnet, longline, and trawl) from Lewison et al. (2014) , reprinted with permission. Numbers represent the number of data records included within each data polygon considered.
of mitigation strategies. These achievements represent significant progress, yet some critical knowledge gaps and the need for innovation remains. Megafauna bycatch continues to threaten populations, and for some already depleted species such as the vaquita (Phocoena sinus), Amsterdam albatross (Diomedea amsterdamensis), leatherback sea turtle (Dermochelys coriacea), and dugong (Dugong dugon), bycatch is the largest contributing threat to their risk of extinction (D'Agrosa et al., 2000; Marsh et al., 2002; Read, 2008; Rivalan et al., 2010; Wallace et al., 2013; CIRVA, 2014) . Current efforts to reduce megafauna bycatch, particularly in developing nations, have called attention to the socio-cultural factors that may supercede the ecological concerns regarding dwindling megafauna populations (Teh et al., 2015) . Addressing the complex ecological and human dimensions of megafauna bycatch requires multifaceted and comprehensive approaches, some of which have been developed and others which are still emerging. In this paper, we review the current state of global bycatch science, including bycatch rate estimation and biological effects of bycatch, and bycatch mitigation practices and gear. We then identify knowledge gaps, socio-cultural constraints, and the need to consider bycatch in a changing ocean and socio-cultural context where species, ecosystems, and people are responding to multiple stressors and dynamic conditions. For each of these issues, we discuss emerging transdisciplinary approaches that demonstrate how the future of bycatch science will need to develop to meet ongoing challenges.
STATE OF BYCATCH SCIENCE Bycatch Rate Estimation
Megafauna bycatch in many fisheries is a rare event that is difficult to detect unless fishing vessels have onboard scientific observers. Despite their low frequency of occurrence, these events are important to quantify because they can have negative consequences for marine megafauna, particularly for small populations. Yet this inherent "rarity" characteristic makes attaining robust estimations of bycatch rates a central challenge to bycatch research. Bycatch data can be documented in fishers' logbooks or by independent observer programs, but these are not available for many fisheries and regions, particularly for small-scale fisheries. When data are available, they typically cover a small fraction of total fishing effort (Lewison et al., 2004; Moore et al., 2009; Phillips, 2013) . This reality is at odds with the need for relatively high sample sizes required to estimate megafauna bycatch rates with precision (Babcock et al., 2003; Amande et al., 2012) . The rarity in bycatch events, which leads to issues of overdispersion and zero-inflated distributions, coupled with spatial correlation and variability in fishing locations, presents additional analytical challenges to accurate bycatch estimation (Sims et al., 2008; Barlow and Berkson, 2012) . These data characteristics contribute to uncertainty in rate estimation, hinder accurate bycatch assessments, and ultimately impede development of effective mitigation strategies due to uncertainty.
In the two past decades, the bycatch research community has made large strides tackling these issues by developing approaches to address data gaps and improve quantitative analyses of existing bycatch data to address and incorporate uncertainty, in some cases in conjunction with incorporation of other oceanographic data. Development of bycatch estimators and using existing data to generate a range of estimates from worst to best case scenarios have been employed to estimate bycatch rates in the face of data deficiencies Miller and Skalski, 2006) . Bayesian methods have also recently been developed to predict unobserved bycatch events, estimating cumulative mortality and probabilities of mortality exceeding regulatory thresholds. (Martin et al., 2015; Moore and Curtis, in press ). Many approaches have drawn on advances from other fields, highlighting the utility of interdisciplinary collaboration to solve today's complex ecological problems. For example, Bayesian hierarchical models developed from an epidemiological spatial model (Best et al., 2005) use data from surrounding areas to generate smoothed bycatch rates. This approach addresses statistical issues of analyzing spatial patterns from raw bycatch rates (i.e., overdispersion, spatial correlation, and fishing effort variability; Sims et al., 2008) and generates bycatch rate maps within and across taxa with increased stability and confidence. These and other advances in quantifying spatial patterns have enabled the identification of "bycatch hotspots, " i.e., areas of persistent bycatch events for one or multiple species of conservation concern to focus mitigation efforts Yeh et al., 2013) . Characterization of bycatch spatial patterns and hotspots in conjunction with research on animal movement patterns has identified relationships between sea surface temperatures, chlorophyll, geostrophic currents, and other ocean, fishery or gear characteristics and bycatch (James et al., 2005; Polovina et al., 2006; Sims et al., 2008; Zydelis et al., 2011; Briscoe et al., 2014) . For example, by identifying oceanographic conditions and habitat features associated with loggerhead and leatherback turtles off Hawaii, the NOAA-led program Turtlewatch creates weekly maps depicting ocean areas where bycatch of both species is more likely (Howell et al., 2008 (Howell et al., , 2015 . These and other similar analyses have been critical in enhancing our understanding of target and non-target species' ecology, identifying particular taxa and areas in peril, evaluating population level effects, and linking specific risk factors to species of conservation concern.
Artisanal and other small-scale fisheries represent a particularly data-poor sector, yet compose a large majority of the world's fishers (Béné, 2006; Pauly, 2006) and can have significant negative impacts on marine megafauna (D'Agrosa et al., 2000; Peckham et al., 2007; Mangel et al., 2010) . These fisheries, particularly in developing countries, are diffuse and seldom regulated, making the data collection methods employed for industrial fisheries infeasible. Alternatively, researchers have drawn on community-based social science interview and survey methods to begin to address this knowledge gap (Okada et al., 2005; Otero et al., 2005) . Moore et al. (2010) developed a systematic interview protocol that has been tested, adapted and applied to study bycatch in multiple other countries (UNEP, 2010; Whitty et al., 2010; Kiszka, 2012) . Applying interview techniques in this standardized way across broad spatial scales has great potential to address small-scale fisheries knowledge gaps by generating comparable data to estimate cumulative bycatch and identify patterns across regions, species, and gear types.
Quantifying Biological Effects
Another challenge of bycatch research has been to quantify the biological impacts of bycatch. Effects of bycatch occur at population, species, and ecosystem levels (e.g., population declines, creation of sink populations within species, altered food web interactions). Connecting specific fisheries or gear types to these consequences can be particularly important to support legal and other conservation initiatives, as well as linking recoveries to mitigation practices (Soykan et al., 2008) . However, quantifying biological effects requires not only robust bycatch rate estimations and spatial patterns, but also knowledge of life history, demographics, population connectivity, and trophic and other ecological relationships. Like bycatch events themselves, the pelagic and migratory nature as well as variable spatial distribution of many megafauna makes comprehensive collection of such data logistically difficult, impeding studies of biological impacts. Additional factors such as time lags common in long-lived vertebrates and sublethal impacts (e.g., injuries or other negative fitness consequences from bycatch interactions) can complicate both the detection of population declines and linking them to bycatch. Despite these constraints, advances have significantly improved both our understanding of the biological effects of bycatch and how mitigation strategies can contribute to diminishing these impacts.
Bycatch researchers have utilized multidisciplinary and often creative approaches to assess population-level impacts in the face of uncertainty in demographic parameters and bycatch rates. Some have incorporated uncertainty by generating estimates across plausible ranges or scenarios for demographic and other unknown parameters to compare predicted population effects (Mangel, 1993; Zador et al., 2008) , employing matrix models that incorporate stochasticity into population trajectories (Anderson et al., 2008) , and utilizing model selection methodologies (Veran et al., 2007) . Populationlevel bycatch research has identified important population and bycatch mortality thresholds for marine mammal, sea turtle, and seabird species affected by different fisheries (Dillingham and Fletcher, 2008; Moore et al., 2013) , modeled after mortality thresholds developed for marine mammals, termed Potential Biological Removal (PBR, Wade, 1998) . Similar thresholds have since been developed for seabirds and sea turtles (Dillingham, 2010; Dillingham and Fletcher, 2011; Curtis and Moore, 2013; Curtis et al., 2015a,b) . These examples highlight the importance of evaluating and identifying population level effects and population thresholds, even when there is uncertainty in key parameters.
Early in the development of bycatch science, researchers established that differences in reproductive value and other contributions to population sustainability among life stages can be particularly important for long-lived, late maturing megafauna (Crowder et al., 1994) , making it critical to account for these factors in evaluations of bycatch population effects. Demographic techniques such as elasticity analyses have been key in determining how bycatch mortality can influence population growth and distinguish particularly sensitive age classes, utilizing general life history characteristics when species-specific data is unavailable (Heppell et al., 2000) . These approaches have been useful to estimate population impacts, forecast recovery due to mitigation efforts (e.g., implementation of sea turtle exclusion devices in trawl fisheries; Crowder et al., 1994) , and address issues of data uncertainty in combination with other methods (e.g., combining Monte Carlo approaches that address population vital rate uncertainty with life tables to evaluate negative impacts of gillnet or trawling bycatch on cetaceans; Caswell et al., 1998; Dans et al., 2003) . Once bycatch sensitive life stages have been identified, often stages with high reproductive values (Fisher, 1930; Keyfitz and Caswell, 2005) , researchers can apply this knowledge to ascertain which fisheries and gear are likely to result in the bycatch that can have the largest negative consequences on population growth (Alfaro Shigueto et al., 2008; Wallace et al., 2008) .
Most recently, researchers have begun integrating biological impact assessments across populations, species, fisheries and gear types, or regions (Wallace et al., 2010; Geijer and Read, 2013) . For example, Wallace et al. (2013) developed bycatch impact scores that integrate information on bycatch rates, fishing effort, mortality rates, and body sizes to assess effects and risk for global sea turtle populations. While there is much work yet to be done, these synthetic approaches are providing critical insight for assessing cumulative impacts, identifying high risk fisheries, gear or locations, and prioritizing mitigation efforts . Finally, there has been increasing recognition of the need to quantify indirect, ecological effects of bycatch, such as altered food web dynamics and ecosystem functions due to the loss of large predators (i.e., trophic down-grading; Pauly et al., 1998; Estes et al., 2011) . Multispecies models incorporating biomass and abundance time series data across trophic levels have identified evidence of trophic impacts due to bycatch mortality (Cox et al., 2002) , but much more research is needed to increase our understanding of the cascading ecological impacts of global bycatch.
Mitigation Practices and Gear
A third component of successful advances in bycatch reduction is the development and successful implementation of mitigation strategies. Effective solutions are often complex because they must balance benefits of each element to reduce bycatch against the costs to fishers' livelihoods. Additionally, diversity among the regulatory, logistical and socio-cultural constraints among fisheries and regions creates strong context dependencies for the efficacy of different strategies. In the past decade, research and development of gear modifications, risk assessment and spatiotemporal limit frameworks, and real-time data and technology integration has advanced considerably. Combined with investment in building social networks and improving communication among scientists, managers, and fishers, these approaches have shown huge potential for addressing bycatch while maintaining fisheries' economic viability.
Increased understanding of the behavioral, physiological, and sensory ecology of affected megafauna paired with industry innovation has fueled development of deterrents and gear modifications to reduce bycatch interactions. For some drift and gillnet fisheries, deployment of visual or acoustic deterrents have been shown to substantially reduce seabird bycatch (Melvin et al., 1999; Maree et al., 2014) , while acoustic alarms (a.k.a. pingers) have been demonstrated to decrease bycatch for multiple marine mammal species (Dawson et al., 1998; Barlow and Cameron, 2003; Carretta and Barlow, 2011; Bjorge et al., 2013; Mangel et al., 2013; Larsen and Eigaard, 2014) . The use of turtle exclusion devices (TEDs) can be highly effective to reduce sea turtle bycatch in trawl fisheries (Crowder et al., 1994; . However, implementation of TEDs in the US also demonstrates the complexities of bycatch mitigation, as multiple social and economic factors have hampered fisher compliance with TED regulations (Jenkins, 2007; Campbell and Cornwell, 2008) . In addition to deterrents, gear and fishing practice modifications have increased survival rates for animals that are caught and released. In particular, the implementation of circle hooks and alternate baits in longline fisheries has been shown across multiple studies to not only generally diminish bycatch of sea turtles as well as sharks and other non-target fishes, but also increase post-release survival (Watson et al., 2005; Kerstetter and Graves, 2006; Gilman et al., 2007) . In 2009, the Food and Agriculture Organization of the United Nations released guidelines to reduce sea turtle mortality in fishing operations, which identifies best practices in bycatch mitigation as well as best practices for retrieving and removing gear from turtles captured (FAO et al., 2009) .
In the past decade technological improvements in remote sensing and animal tracking technologies have been used to develop management tools that minimize bycatch interactions and ecological impacts. For example, time-area closures have traditionally been used to minimize bycatch by temporarily closing a given area to fishing during a time period of high risk for bycatch interaction . However, closures set by static seasonal dates and geographical reference points may have limited efficacy because target and bycatch species' migratory, reproductive and other cycles are frequently tied to oceanic conditions (e.g., temperature, chlorophyll) that are spatially and temporally dynamic. Such mismatches between management structures and ocean conditions can lead to inadequate protection for sensitive species or unnecessary economic losses for fisheries. Newer approaches that use telemetry, satellite data to account for dynamic conditions and bycatch risk hold promise for bycatch reduction within a sustainable fisheries context (e.g., TurtleWatch; Howell et al., 2008 Howell et al., , 2015 .
Finally, there has been an emergence of strong sociocultural and economic approaches to bycatch reduction. Social networks and community-based cooperatives or councils have been demonstrated to be a powerful tool for effective bycatch mitigation (Hall et al., 2007; Peckham and Maldonado-Diaz, 2012) . Implementation of such frameworks can improve communication and knowledge transfer among scientists, managers, and fishers, and creates a culture where all groups actively contribute to the development, testing, feedback, and implementation of mitigation strategies. This enhances fishers' understanding of the rationale underlying fishery regulations, and incorporates local knowledge and community needs into sustainable management solutions. These networks have been particularly critical for small-scale fisheries where top down regulation or enforcement is not feasible, making social capital and community buy-in imperative for compliance and sustainability (Campbell and Cornwell, 2008; Alfaro-Shigueto et al., 2010; Peckham and Maldonado-Diaz, 2012; Piovano et al., 2012) . More formal and structured social and traditional media initiatives, like the Marine Stewardship Council and the Monterey Bay Aquarium Seafood Watch also have been effective at helping consumers make informed decisions, potentially increasing market value and demand for sustainable, low-bycatch fisheries.
EMERGING TRANSDISCIPLINARY APPROACHES TO ADDRESS GAPS AND BARRIERS
Even with the impressive advances in bycatch research and mitigation, there are substantial barriers or impediments to reducing bycatch. Our review of the current state of bycatch science points to six persistent gaps or barriers to bycatch reduction: lack of data and data sharing, uncertainty of population level effects of bycatch, limited understanding of the broader ecological effects of bycatch, challenges of how to address bycatch within dynamic ecological and social systems, the need to address the linked socio-ecological factors govern bycatch, and the importance of fostering stakeholder engagement in the development of sustainable bycatch reduction strategies and actions ( Table 1) . In this section, we explore emerging innovations and transdisciplinary approaches that offer opportunities to tackle these ongoing challenges to bycatch reduction.
Data Gaps and Sharing
The creation of international collaborative working groups and organizations (e.g., Project GLoBAL, New England Aquarium, Consortium for Wildlife Bycatch Reduction) has greatly facilitated organization and synthesis of available bycatch data (Moore et al., 2009; Finkbeiner et al., 2011; Lewison et al., 2014) . These efforts have helped identify patterns for many populations, species, regions, and fishing practices. Importantly, such largescale collaborative efforts have yielded a synoptic characterization of global bycatch (Figure 1) , creating a reference on the state of global bycatch knowledge, and serving as a resource for scientists and managers to identify areas of highest concern to focus conservation and mitigation efforts. Yet, this work has also highlighted the disproportionate reliance on data from industrial fishing in developed countries (McCluskey and Lewison, 2008; Lewison et al., 2011) . There is still relatively little data on both megafauna bycatch and fishing effort in small and largescale fisheries in certain regions (e.g., Indian Ocean, eastern Atlantic, southeast Asia, and central and western Pacific). This, TABLE 1 | Critical knowledge gaps and socio-cultural, economic and other barriers remain that hinder effective bycatch mitigation. Emerging transdisciplinary approaches offer opportunities to address these challenges.
Gaps and Barriers
Challenge to Bycatch Mitigation Opportunities for Innovation
Data gaps and sharing Inhibits take estimates for specific species, locations or gear, as well as identification of hotspots and cumulative impacts
• Standardized interviewing and surveys (Moore et al., 2010) • Collaborative data sharing initiatives and working groups 2. Population effects Constraints on establishing sustainable take limits, recovery monitoring, and evaluation of management policy efficacy
• Leveraging evolutionary and ecological theory with species-specific knowledge to improve parameter estimation (r max , λ max , T) for populations with limited data (Dillingham, 2010; Dillingham et al., 2015) • Limit reference point estimators Moore et al., 2013; Curtis et al., 2015a,b) 3. Ecological and cumulative impacts Hinders creation of integrative management policies for ecological sustainability and/or species under multiple threats
• Ecosystem-based risk assessment and management (McLeod and Leslie, 2009; Hobday et al., 2011; Small et al., 2013; Gilman et al., 2014) • Cumulative bycatch estimates across species, regions, or fisheries (Wallace et al., 2013; Lewison et al., 2014) 4. Dynamic ecological and social systems Global change and other factors altering biophysical, ecological and socio-economic conditions affect bycatch interactions, effects, and efficacy of mitigation efforts
• Dynamic ocean management (Hobday et al., 2014; Lewison et al., 2015; Maxwell et al., 2015) • Managing for resilience (Levin and Lubchenco, 2008; Fujita et al., 2013) 5. Understanding social-ecological system linkages Sociocultural and economic factors influence human behavior that affect the environment and efficacy of mitigation strategies
• Characterizing and integrating social-ecological conditions into conservation frameworks (Chan et al., 2012; Teh et al., 2012 Teh et al., , 2015 Ban et al., 2013) • Transfer and supply chain analyses (Rausser et al., 2009) 6. Stakeholder engagement and evaluation Influences effective monitoring, implementation and evaluation of bycatch mitigation strategies
• Assessment and adaptation of mitigation strategies to adjust to real vs. ideal implementation scenarios (Cox et al., 2007; Campbell and Cornwell, 2008) • Co-management and community cooperatives (Peckham and Maldonado-Diaz, 2012) • Framework of standards (Kirby and Ward, 2014) Frontiers in Marine Science | www.frontiersin.orgin turn, prevents global comparative risk assessments to identify hotspots of concern. The application of alternative, contextdependent approaches such as systematic interview protocols (Moore et al., 2010) have begun to address this data gap, and their use can supplement traditional data collection. Importantly, these data are most powerful when collected a standardized, systematic manner, enabling global-scale assessments across locations, fisheries, and species. Moving forward, international collaborative working groups and organizations are poised to play an important role in facilitating collection of such standardized, robust fishery and bycatch data.
Population Effects of Bycatch
Methodological gaps continue to hinder accurate assessment of bycatch rates and biological effects. Though there has been some recent research integrating bycatch rate estimation and biological effects assessments across fisheries, species and regions (Wallace et al., 2010; Geijer and Read, 2013) , there is a great need to develop analytical techniques to expand these efforts. Particularly for migratory megafauna species that encounter multiple fisheries over large geographic distances, such assessments are imperative to understand species impacts as well as transfer effects from mitigation efforts. Recent approaches integrating evolutionary and ecological theory with species-specific knowledge to improve estimation of key parameters (e.g., r max , λ max , generation times), and improvements in limit reference point estimators (LRPs) are advancing robust population risk assessment and estimation of sustainable bycatch limits, particularly for species with limited demographic information (Dillingham, 2010; Curtis and Moore, 2013; Moore et al., 2013; Curtis et al., 2015a,b; Dillingham et al., 2015) . Building on the PBR model used for marine mammals, Dillingham and Fletcher (2011) established LRPs for seabirds using logistic population growth models, and calculated productivity from estimates of adult survival and allometry-derived age of first reproduction (Niel and Lebreton, 2005; Dillingham, 2010) . Similarly, Curtis et al. (2015b) demonstrated how local abundance estimates from nest counts, vital rate information, satellite tag data, and fishery observer data can be used to identify thresholds for leatherback sea turtles. Advancements in these quantitative approaches have made them increasingly adaptable to a wide breadth of contexts, able to align with a range of management goals, available data types, and different species (Curtis et al., 2015a,b) . Additionally, population effects and thresholds determined from these methods can be used to inform larger-scale ecosystem-based management approaches.
Ecological and Cumulative Impacts
Although it is widely recognized that megafaunal decline due to bycatch and other stressors can have cascading, widespread ecological impacts, there are few approaches to detect or forecast these effects. Quantifying the indirect consequences of bycatch remains particularly challenging due to the multitude of anthropogenic stressors on global marine ecosystems. Recently, ecological risk assessments and ecosystem-based management frameworks have been employed in a moderate number of fisheries and locations (McLeod and Leslie, 2009; Hobday et al., 2011; Small et al., 2013; Gilman et al., 2014; Kirby and Ward, 2014) , incorporating direct and indirect adverse effects on habitats, non-target species, and ecological functions into adaptive management strategies. Multispecies and fishery syntheses have also begun quantifying cumulative bycatch impacts (Figure 1 ) and identifying ecological transfer issues, whereby alterations in fishing practices decrease bycatch of one taxa or region but increase it for other species or taxa (Mukherjee, 2015) . Further development and application of these approaches is critical to understand both the broader ecological context of bycatch effects and to design management strategies that effectively promote ecological sustainability.
Dynamic Ecological and Social Systems
Fisheries bycatch is now occurring in ocean systems experiencing anthropogenically driven climate change as well as natural climate variation (e.g., multidecadal oscillations) altering temperature, oxygen, biogeochemistry, primary productivity, ocean circulation, and food web dynamics (IPCC, 2014) . Life history and other ecological differences between target and bycatch species are likely to result in divergent climate responses, altering ecological dynamics and potentially create novel bycatch interactions. To date there have been very few studies exploring these issues to understand under what contexts we may expect to see compensatory, additive, synergistic, or other effects in marine megafauna (but see Bunce et al., 2002; Rivalan et al., 2010; Hobday et al., 2015) . Assessing climate change impacts on bycatch, in conjunction with other anthropogenic stressors such as exploitation, habitat degradation, and pollution, is critical to estimate and reduce cumulative impacts on marine megafauna and global oceans. Human adaptation to climate change will also likely influence bycatch dynamics because fisheries and the marine ecosystems they rely on are inherently coupled social-ecological systems (Turner et al., 2010; Sumaila et al., 2011; Pinsky and Fogarty, 2012) . As many fishery target species shift their distributions due to climate change, fisheries often lag behind due to logistical restraints, e.g., gear switching, inability to travel to fishing grounds, lack of landing sites, regulatory restrictions, social structure, or political boundaries (Coulthard, 2009; McCay et al., 2011) . Limits to social adaptation also may contribute to altered or novel fishery-bycatch interactions and dynamics, further intensifying the need for transnational collaborative resource management.
Approaches are emerging to incorporate forecasted climate impacts and social adaptations into fishery management (Sumaila et al., 2011; Pinsky and Mantua, 2014) , but have not yet extended into marine megafauna bycatch assessments or mitigation strategies. However, climate variation has been incorporated into a few mitigation efforts that may serve as templates for the comprehensive integration needed in future sustainable management planning. One example is the U.S. National Marine Fisheries Service's time-area closure of California's gillnet fishery during El Niño periods, aimed at protecting against loggerhead turtle bycatch forecasted to occur when turtles are expected to travel further north due to warmer waters. This measure was enacted in 2003, but was not triggered until 2014 (due to persistent high water temperatures, but not specifically associated with El Niño) and again in 2015, and it is unclear how this regulation will translate into the future if warmer temperatures become more common due to long-term, directional climate change even in absence of El Niño events. However, observing the implementation, efficacy, and adaptability of this and other similar measures to identify successes and areas needing improvement will offer insight for future climate-responsive management strategies.
Dynamic ocean management practices (DOM) that explicitly account for dynamic oceanographic and fishing conditions are increasingly gaining traction worldwide (Hobday et al., 2014; Lewison et al., 2015; Maxwell et al., 2015) . DOM combines technological advances to utilize and share near real-time environmental and biological data with industry to promptly communicate conditions to stakeholders. This allows managers and fishers to rapidly adjust fishing practices, efforts, and locations in response to changing conditions. Thus, DOM offers one avenue to integrate species' responses to climate change and other stressors into mitigation strategies, and also holds great potential to minimize both bycatch mortality and economic losses for fisheries. Improved integration of science, technology, and stakeholder engagement into management policies is a next critical step that will facilitate effective DOM for bycatch reduction (Hobday et al., 2014) . Statistical models integrating environmental and telemetry data are also being developed to forecast the presence of high-risk bycatch species presence, guiding dynamic spatiotemporal fisheries restriction decisions (e.g., bluefin tuna in eastern Australia; Hobday et al., 2010) . Importantly, the development and effective application of these "dynamic tools" is reliant on robust input data, making continued collection of both environmental and biological data critical to success. Limited or outdated availability of data increase error, which can render the approaches less effective by negatively impacting species or unnecessarily closing fisheries, but also risks undermining stakeholder trust and engagement. Finally, in conjunction with these dynamic approaches, the further development of practices aimed at managing marine ecosystems for resiliency (Levin and Lubchenco, 2008; Fujita et al., 2013) has the capacity to cultivate transdisciplinary, adaptive frameworks needed for sustainable management of dynamic social-ecological systems into coming decades.
Understanding Social-ecological System (SES) Linkages
Beyond the individual dynamics of both ecological and social systems is the need to identify and resolve socio-cultural and economic factors that lead to bycatch within a coupled socialecological context. Efficacy of bycatch solutions is recognized as highly context dependent; approaches that are successful for one fishery or region can fail completely in others due to a variety of factors such as political drivers, infrastructure, culture, economic and ecological conditions, or scale (Hall et al., 2007) . For example, bycatch avoidance measures found to be highly effective in experimental testing can fall short when implemented in commercial fishing operations because of differences between controlled experimental and real-world conditions (Cox et al., 2007) . Strategies that work for large-scale, highly regulated U.S. commercial fishing operations are not applicable to smallscale, diffuse artisanal fisheries with little top-down enforcement Brewer, 2013) . Early identification of the linked eco-socio-cultural and economic context dependencies relevant to a given region and fishery are critical to the development of creative, stakeholder-engaged transdisciplinary solutions to overcome these constraints (Campbell and Cornwell, 2008; Peckham and Maldonado-Diaz, 2012) .
Socio-cultural barriers can hamper both effective knowledge transfer and implementation of mitigation strategies. These include traditional socio-cultural factors among an ethnicity, community, or demographic that can alter perception and motivations (e.g., cultural values of conservation, family relationships and hierarchies, fishing knowledge, and beliefs; Chan et al., 2012; Teh et al., 2012 Teh et al., , 2015 , all related to the local culture of fishing. Many fishers around the globe share strong common values of independence and are historically not accustomed to strong regulation (Gislason, 2015) . This can hinder compliance with restrictions limiting fishing effort (i.e., fishery closures) or requiring gear modification, particularly when enforcement, incentives, or investment in social capital are low (Cox et al., 2007; Peckham et al., 2007) .
Socio-economic factors can also affect the efficacy of bycatch mitigation approaches. Artisanal fishing communities are frequently marginalized in many developing nations (Pauly, 1997) , contributing to limited access to education and other resources, high poverty, overexploitation of marine resources, and few alternative livelihood options (Béné, 2003; Cinner, 2011) . These conditions limit both the ability and willingness of fishers to alter fishing methods to mitigate bycatch. In particular, compliance in both small-scale and large commercial fisheries is challenging if mitigation techniques have, or are perceived to have, economic costs, such as target catch reduction, increased fuel or equipment costs, or opportunity costs (Cox et al., 2007; Campbell and Cornwell, 2008) .
Integrated frameworks have been developed and applied in a variety of conservation contexts to identify socio-cultural and economic factors affecting ecosystem management (Chan et al., 2012; Schultz et al., 2015) . Adaptations of these transdisciplinary frameworks are emerging to contextualize the enabling and limiting socio-ecological conditions affecting successful bycatch mitigation Teh et al., 2015) . Importantly, many factors enabling bycatch conservation occur at local scales, underscoring the importance of social capital and community participation, particularly in small-scale fisheries. The continued application of these frameworks is a critical first step in assessment of social context dependencies of bycatch issues. Importantly, this must be followed by the development of mitigation strategies that address these factors, facilitate continued dialogue and feedback, and allow for adaptability of management policies to adjust to dynamic socio-cultural, economic, and environmental conditions.
The scale of mitigation policies can also greatly change socio-economic contexts. For commercial fisheries that compete internationally for import or export of their catch, regulations that restrict activities or increase costs within a country or region, e.g., within an Exclusive Economic Zone (EEZ) vs. international waters, can weaken their ability to compete if their international counterparts do not have the same restrictions. With increasing market globalization, bycatch reduction-related measures can lead to market transfer effects (Sarmiento, 2006; Rausser et al., 2009; Bartram et al., 2010) . For example, Rausser et al. (2009) found that the 2001-2004 closure of the Hawaiian longline swordfish fishery, implemented to protect sea turtles, may have substantially increased sea turtle interactions with international, and often less regulated, fishing fleets that stepped in to meet U.S. swordfish market demands. Effective bycatch mitigation strategies need to consider, integrate and support the livelihood of associated fishing industries and communities. Effective mitigation measures must also consider the underlying economic and market forces that drive fishery landings. In this context, bycatch-driven fisheries closures can be just as unsustainable as the bycatch that motivated that closure. Similarly, bycatch-driven shifts in gear or fishing practices can lead to unintended consequences, solving a bycatch problem for one species in one area, but creating a new bycatch problem for another species or fishing location (Mukherjee, 2015) . Longterm sustainable bycatch solutions must account for these and other behavioral, economic and social changes that can lead to negative, unintended consequences (Abbott and Haynie, 2012) and ultimately undermine sustainable fisheries worldwide.
Stakeholder Engagement and Evaluation
Interwoven with the need to understand dynamic SES systems is the strong need for stakeholder engagement, feedback, and evaluation for all types of fisheries, management strategies, and regions. Stakeholder engagement not only strongly influences successful implementation and compliance of bycatch mitigation strategies, but also is key to finding creative solutions that will be successful under real conditions without threatening fishers' livelihoods (Cox et al., 2007; Campbell and Cornwell, 2008) . In conjunction with identifying SES linkages, co-management and community cooperatives have proven to be instrumental for the successful implementation of sustainable fishing policies, particularly for small-scale fisheries (Peckham and MaldonadoDiaz, 2012) . Such approaches facilitate continued dialogue among scientists, fishers, and managers to assess and adapt mitigation strategies to adjust to real vs. ideal implementation scenarios. Utilizing a framework of standards to perform systematic, robust assessment of mitigation technologies and practices, facilitate feedback, and drive adaptation has also been effective in fisheries with greater infrastructure capacity (Kirby and Ward, 2014) . Solving global bycatch issues necessitates the continuation and expansion of these approaches to engage stakeholders and evaluate and adapt bycatch mitigation strategies across socio-ecological contexts.
ADDRESSING BYCATCH IN A CHANGING WORLD: CONCLUSIONS
There have been impressive advances in bycatch research and mitigation, but there are still substantial remaining and emerging barriers to reducing fisheries bycatch. Global bycatch, like other challenges to sustainable use, occurs in a changing ocean and socio-cultural context where species, ecosystems, and people are responding to multiple stressors and dynamic conditions. As the oceans continue to transform and the field of bycatch research moves into the twenty-first century, emerging dynamic, transdisciplinary approaches that integrate both the human and ecological dimensions of bycatch offer innovative opportunities to meet these challenges. We have identified focal areas where more effort is needed; the continued support by research and management communities of further development, testing and implementation of emerging strategies to meet these needs is essential. There is not a single panacea to solve fisheries bycatch in our complex, changing world. Rather, investing in a diverse, adaptive portfolio of these tools and approaches to best match ecological, sociocultural, and economic contexts offers the best path forward to address global bycatch and support sustainable fisheries into the future. 
